A key difference in detergent agglomeration compared to most agglomeration processes conducted in the food and pharmaceutical industries is the ultra-high viscosity of the surfactant binder. In comparison to water, these surfactants are about 1000 times more viscous. This makes handling the surfactant paste a challenge. The present study aims to understand the importance of initial binder dispersion. Experimental work has revealed how the binder deforms, breaks and assimilates in mass by gathering more powder. The rate of powder assimilation was determined as a function of the agitation intensity. At higher impeller speeds this rate is faster.
Introduction
To increase the performance of the detergent, the loading (concentration) of the surfactant in the detergent granules has to be maximised. To achieve this most surfactants are added in their highly concentrated paste form. This means that diluting the binder to improve paste dispersion by reducing its viscosity is not an option for improving paste handling and dispersion.
The general agglomeration mechanism using a conventional solvent binder or aqueous binder consists of three main mechanisms namely wetting and nucleation, consolidation and growth and breakage and attrition [1] . This generic mechanism of binder dispersion is not applicable to highly viscous surfactant binders like alkyl ethyl ethoxy sulphate (AES). Compared to molten PEG 20000 which has a viscosity of 27 Pa.s at 70°C, AES has a viscosity of 800 Pa.s at a shear rate of 10 s -1 . Surfactant binders are viscoelastic in nature i.e. the relationship between stress and strain depends on time [2] .
Schaefer and Mathiesen [3] reported how the size of solid binder particles affects the mechanism by which the granulation occurs for melt agglomeration: (i) distribution mechanism or (ii) immersion mechanism. Rough, Wilson, Bayly and York [4] discuss the effects of three parameters, namely speed, binder viscosity and liquid to solid ratio. They investigated changes in the granule morphology and size distribution and their study revealed the existence of several distinct regimes including a powdery, crumble, agglomerate, wet agglomerate and dough state. The rate at which the material moves from one regime to another would depend on the impeller speed and binder content. The onset of the detergent agglomeration process is very rapid at higher impeller speeds. This makes control challenging and any small variation in the process conditions could result in over or under-agglomerated product. As with all agglomeration processes, even low viscous systems, a minimum level of binder is required to saturate the powders before the binder becomes available for providing stickiness, and the more deformable the granules, the more readily they progress into the agglomerate regime [5] .
Rough, Wilson, Bayly and York [4] also showed that decreasing binder viscosity enhances its dispersion. The thinner binder enables the aforementioned regimes to be reached faster at any given shear rate. Also, increasing the binder to solid ratio reduced the time taken to form a given regime. Furthermore, increasing the impeller speed enhances the rate at which the regimes were reached. This is a result of the increased shear and impact stresses. Their results reveal that changing the impeller speed does not, however, affect the shape of the granules in each regime.
The first part of this study looks into the binder breakage and powder assimilation as a function of time. The change of the granule size with time, in a high shear mixer, has not been studied in detail for an ultra-high viscous system. This latter part of this study looks into the effect of the method of binder delivery on the kinetics of this size growth process.
Materials and method

Investigating binder breakage and powder assimilation
To determine the rate at which the layering process occur it was essential to have binder particles/strands of the same volume/surface area. The binder is very adhesive and, therefore, has a strong tendency to get coated by the powder. Strands that are 2.5 cm in length and 2.0 mm thick were produced by extruding paste into liquid nitrogen, using a 10 ml syringe. Prior to loading the binder, the paste strands were carefully weighed. These rigid frozen strands were loaded in to a small scale high shear mixer (70 ml) containing zeolite powder (12.5 grams of paste was added to 25 grams of powder). The paste was allowed to reach ambient temperature, prior to starting the mixer. The mixer was operated for a fixed time after which the entire content of the mixer were gently sieved to recover the nuclei (powder coated lumps of paste). The nuclei were weighed to determine the amount of powder that has been assimilated.
Preparation of detergent granules
Detergent granules were prepared using a 10 litre Roto Junior vertically shafted high shear mixer from Zanchetta & C. s.r.l. Italy. The mixer is cylindrical. The bowl is 28 cm in diameter and 18 cm in height. The impeller speed can be varied from 10 RPM to 850 RPM. The total size of the batch was limited to 1 kg (wet mass); and the paste loading was 35%. After drying, it yielded approximately 880 grams of dry product. AES was the surfactant paste used in this study. The paste contains 30% water by weight.
Two different methods were adopted for adding the binder into the mixer. The first method involved preloading all the binder into the mixer in the form of blobs. The second method involved injecting the binder into the mixer using a 50 ml syringe. For the injection method, the process was timed when binder injection commenced. Binder injection takes approximately 10 seconds. The liquid to solid (L/S) ratio was 0.5 for all batches. The batches were then analysed to determine the size, strength and binder content. All of these granule attributes were monitored offline as a function of time. Trials were performed at a low (200 RPM, tip speed (ν) = 2.9 m/s), medium (400 RPM, ν = 5.9 m/s) and high (800 RPM, ν = 11.7 m/s) speed. A grab sampling technique was not adopted for the size with time analysis, as starting and stopping the mixer could affect the kinetics of the granulation process. Furthermore, withdrawing samples from the mixer would result in a reduction in the fill level, which is another parameter known to affect the granulation process. Therefore, individual batches were made to study the influence of time.
Characterisation of granules
2.3.1
Mass based size distributions Sieves from Retsch GmbH, Germany, were used to determine the mass based size distributions of the granulated material. For making comparisons between the two binder delivery methods, three different classes of granules were defined as follows: SMALL (< 500 μm), MEDIUM (500 μm -2000 μm) and LARGE (> 2000 μm).
2.3.2
Determination of granule strength The strength of the dry granules was determined using the uni-axial confined compression technique [6] for a small bed of granules using a punch. The force-displacement data was recorded. The compression test was carried out using a Zwick Roell Z0.5 compression machine. The machine is equipped with a 500 N load cell for applying forces with an accuracy of 0.001N. A crosshead travel moves the punch vertically with an accuracy of 0.2 μm. The punch is 10 mm in diameter. The die is 10.1 mm in diameter with a fill depth of 10 mm. The punch was lowered and a force of 450 N was applied. Granules that are between 2-3mm in size were selected for this analysis.
The compression machine gives the force (N) against displacement (mm). The force is converted in to stress and the displacement into strain ( . The Adams equation was used to determine granule strength (Eq. 1) [6] .
where, is the single particle strength (MPa), is the natural strain, and is a constant. At high values of natural strain the last term is negligible, and the equation becomes linear (Eq. 2).
This equation can be rearranged in the form y = mx + c; the slope gives and the intercept gives (Fig. 1 ).
(1) 
Results and discussion
Rate of powder assimilation and change in nuclei morphology with time
Fig . 2 demonstrates the change in the mass of the nuclei as a function of time. With increasing agitation intensity there is a corresponding increase in the rate of layering. This is expected as there is more shear and impact stresses within the mixer at higher agitation intensities thus leading to enhanced breakage of the nuclei with time. From Fig.  3 it is evident that with time the longer strands get deformed into smaller spherical entities. It can also be seen that the colour of the binder changes from a darker blue to a lighter blue due to the powder being worked into the structure. 
Change of granule size with time for different methods of binder delivery
3.2.1
Mass-based size distributions At 200 RPM (Fig. 4) , it can be seen that the mass of the small granules increases with time, whilst that of the medium size class decreases for both the injected and preloaded cases. The mass of the large granules remains constant with time for the both cases. A possible explanation for this behaviour could be the gradual breakdown of the bigger granules in the medium size class into smaller and more granule-like entities, i.e. over time the dispersion of the paste into the powder is enhanced. There is no change in the mass of the large particles from 15 s to 75 s. In the first 15s, any large granules for both the injected and preloaded cases could be reduced to medium sized lumps. Furthermore, due to the low energy environment within the mixer, there is no growth taking place. Growth normally occurs by coalescence or layering, both of which require binder to be squeezed from within the primary granules, which increases their cohesiveness.
At 400 RPM (Fig. 5) , due to the higher energy within the mixer, for the injected case it can be seen that there is a sharp decrease in the mass of small particles. However, in the case of the preloaded experiment there are more granules in the smaller size class. A minimum level of binder saturation is required to lead to the formation of granules and, therefore, the existence of a greater quantity of small particles in the preloaded experiments demonstrates that dispersion of the binder into the powder is poorer with time. The injected case also demonstrates faster growth. It can be seen that the medium size class reaches a peak at 45s after which the mass of the large particles increases sharply. For the preloaded case, the mass of the large particles remains constant whilst the mass of the medium particles increases. This trial demonstrates that the method of binder addition does have an influence on the kinetics of the granulation process. Adding the binder in the form of large blobs means more energy is spent redistributing this binder evenly, thus reducing the rate of granule growth.
At even higher shear energy (800 RPM), the difference between the two cases is not very clear after 15s (Fig. 6 ). At 15s it can be seen that the preloaded case consists of slightly more small granules than the injected case. The lack of any clear differences between the two methods of binder addition could be attributed to the very high energy input into the mixer, i.e. the impeller is imparting so much shear and impact to the material that all the binder gets evenly dispersed into the powder. Another notable observation would be the sharp increase in the mass of the large particles from 60 to 75s. At this speed the granules are more deformable leading to growth by coalescence and layering.
(a) (b) Fig. 6 Mass distribution at 800 RPM -blobs vs. injected.
Granule strength
Fig. 7 demonstrates that granules made at 400 and 800 RPM are stronger than those made at 200 RPM. This suggests that at 200 RPM the larger size class consists of mainly loosely coated lumps of powder, which are not very strong. At higher agitation intensities the larger particles are stronger and more granule like entities. This was further confirmed by looking at micrographs of the granules (Fig. 8) . This seems to suggest that at lower impeller speeds the dominating mechanism is paste dispersion, whilst at higher impeller speeds the paste dispersion and growth take place simultaneously. 
Conclusions
For a highly viscous semi-solid binder, like AES, the mechanism of dispersion is slightly different from the conventional immersion mechanism, and involves a binder breakage and coating step. Nucleation, in this case, refers to the formation of powder coated lumps of paste. This study looked into the influence of binder addition method on initial binder dispersion. The method of binder addition influences the initial dispersion of the surfactant paste in a moving powder bed. This was evident from the mass based size distributions. At moderate impeller speed it was shown that binder injection resulted in faster and steadier granule growth, thus demonstrating the influence of binder delivery method on the kinetics of the granulation process. Strength was also measured and the results do not show a significant dependence on the method of binder addition.
